Several new isotopes, 96 In, 94 Cd, 92 Ag, and 90 Pd, have been identified at the RIKEN Nishina Center.
The study of proton drip-line nuclei in the vicinity of 100 Sn led to the discovery of new proton emitters For atomic nuclei one basic property is the number of nucleons the strong interaction can confine to form a bound system. The borders between bound and unbound systems, the drip lines, are determined by the change in sign of the single-nucleon separation energies (S n and S p for neutron and proton, respectively) determined from the binding energy differences between a nucleus and its immediate lighter isotope (for S n ) or isotone (for S p ). At the proton drip line, the potential barrier confines the protons and hampers particle emission. However, when the penetration probability is large enough, proton, two-proton, and α radioactivity can compete with β decay. Observing direct proton emission allows one to study nuclear structure even beyond the proton drip line.
Because of the Coulomb repulsion, the proton drip line lies closer to the valley of β stability as compared to the neutron drip line, and for almost all elements up to protactinium (Z ¼ 91), the proton drip line has been reached for odd-Z elements [1] . The first evidence of proton emission was obtained from the decay studies of a high-spin isomer in 53 Co [2] , while the first ground-state proton emission was observed in 151 La and 147 Tm more than 30 years ago [3, 4] . Since then, a considerable number of proton emitters beyond the drip line have been observed [5, 6] .
The detection of proton radioactivity can yield simple observables such as the decay energy and the half-life, which can be used to extract information on the nuclear wave function and can serve to constrain nuclear mass models. Of particular interest is proton radioactivity from nuclei with Z < 50 since they serve as an important input to calculate the path of the rp process [7] .
With the impressive progress in the in-flight production of nuclei with extreme neutron-to-proton ratios as well as the construction of a new generation of fragment separators in RIKEN, GSI, or MSU, new regions of the nuclear landscape become accessible, and, in particular, the region of the doubly magic 100 Sn isotope [8] . In this Letter we report on the discovery of new isotopes at the proton drip line and on evidence for new proton emitters.
The measurements were performed at the RIKEN Nishina Center with the BigRIPS separator [9] . The quest for new isotopes at the limits of nuclear binding is one of the major research lines in nuclear physics and in particular in RIKEN, where numerous experiments have been performed recently to test mass models and theoretical predictions of the drip lines. Different production mechanisms have been employed to these ends, for example, inflight fission of a 345A MeV 238 U and reactions with a 48 Ca beam [10] [11] [12] to synthesise neutron-rich isotopes, and projectile fragmentation of a 345A MeV 124 Xe beam [13] to produce nuclei at the proton drip line.
In the present experiment, a wide range of N ∼ Z nuclei in the vicinity of 100 Sn was produced by fragmentation of a 345A MeV 124 Xe 52þ beam impinging on a 4 mm Be target. An average beam intensity of 30 pnA was used during the 203 h of data taking. The isotopic separation of fragments was achieved using two 2.85 and 2.17 mm thick aluminum achromatic energy degraders positioned at the F1 and F5 momentum dispersive foci of the BigRIPS separator [9] .
The nuclei were identified on an event-by-event basis through the Bρ − ΔE − TOF method in which the atomic number Z and the mass-to-charge ratios A=Q are deduced from the measurements of time of flight (TOF), magnetic rigidity (Bρ), and energy loss (ΔE). The selected fragments were stopped at the final focal plane of the zero degree spectrometer (ZDS) [14] in the wide-range active silicon strip stopper array for beta and ion detection (WAS3ABi). This detector consists of 3 highly segmented (60 strips horizontally and 40 strips vertically) 1 mm thick doublesided silicon strip detectors used for the implantation of heavy ions, and a stack of ten 1 mm thick single-sided silicon strip detectors used to measure the energy of β particles emitted in the decay of implanted nuclei. Each single-sided silicon strip detector is vertically segmented into 7 strips allowing "β tracking" and reconstruction of the total energy of the detected β particles. The γ-ray detector, EUroball Riken cluster array (EURICA) [15] , consisting of 84 HPGe crystals was installed around WAS3ABi in order to detect β-delayed γ rays, as well as delayed γ rays emitted from the isomeric states of implanted nuclei. An array of 18 LaBr 3 ðCeÞ [16, 17] detectors was also installed for fasttiming measurements.
The particle identification was verified by detecting the characteristic γ rays of known isomeric states in 98 Cd and 96 Pd. Background events coming from reactions and scattering of secondary beam in different materials along the beam line are excluded by checking beam profiles and various correlation plots made of pulse-height and timing signals in the beam line detectors following procedures given in Refs. [18, 19] . The resulting particle identification plot is shown in Fig. 1 100 Sn were observed corresponding to an average production rate of 10 events per hour. The number of 100 Sn events identified in this experiment is about 10 times higher than that in all previous experiments together.
During the experiment more than 10 different BigRIPS configurations were used. In the following only 2 of them for which transmissions are identical within 10% were selected. From the smooth systematics of the number of produced nuclei along different T z ¼ ðN − ZÞ=2 isospin lines (except for the T z ¼ −1=2), a significant drop in the number of observed counts of 93 Ag (31 counts) and 89 Rh (0 counts) with respect to the neighboring isotopes with the same T z value has been observed ( Fig. 2) .
These observations show with a confidence level larger than 10σ that 93 Ag and 89 Rh are new proton emitters with half-lives lower than or comparable to the time of flight 760 ns through the BigRIPS and ZDS. It was already hinted by Moschner et al. that 93 Ag can undergo fast decay of the order of μs, or with a long decay of the order of 1 s [20] . For two-proton ground-state emission observed previously in 45 Fe, 48 Ni, and 54 Zn with a simple scaling, the production rates were close to those predicted by EPAX [21] [22] [23] . Therefore, the evolution of the rates in the present experiment was assumed to be the same for bound and unbound A/Q 
93 Ag is the first case of observation of a one-proton ground-state emitter produced in fragmentation whose lifetime is comparable to the time of flight through the separator. The corresponding half-lives of proton emitters can be deduced more precisely from the measured time of flight using the assumption that the ratio between the number of identified nuclei with the same T z value is the same as for the neighboring T z line; i.e., Nð 95 CdÞ=Nð 93 AgÞ ¼ Nð 96 CdÞ=Nð 94 AgÞ. The half-life of 93 Ag is estimated to be T 1=2 ¼ 228 AE 16 ns. Since a smooth evolution of the number of produced nuclei shows that there is no cut in transmission, and since the ratio of transmissions of neighboring nuclei calculated by the LISE++ code [24] is practically constant, our method to estimate half-lives eliminates systematic errors.
Following the same procedure, assuming one count of 89 Rh and systematics of neighboring nuclei, an upper limit of the half-life of 89 Rh is deduced to be 120 ns.
One should mention that the proton emission can occur in 93 Ag and 89 Rh from the ground state or/and from an isomeric excited state. In the following we assume the ground-state proton emission only.
In the insets of figures Figs. 3(a) and 3(b) , the deduced half-lives of 93 Ag and 89 Rh are compared with predictions of a simple model of proton emission [25] using S p values calculated by various mass models: the finite-range droplet model (FRDM) [26] , the Koura-Tachibana-Masahiro-UnoYamada (KTUY05) model [27] , the atomic mass evaluation (AME2012) [28] , the Duflo-Zuker model [29] , and the Hartree-Fock-Bogoliubov (HFC27) [30] model.
The separation energies were calculated assuming that the proton is emitted from the πg 9=2 level, i.e., from an orbital with an l ¼ 4 angular momentum. Taking into account uncertainty on the parameters of the model [25] , the proton separation energies, extracted from the 93 Ag and 89 Rh measured half-lives, are found to be S p ¼ −1060 AE 30 keV and S p < −1000 keV, respectively.
Comparing to neighboring nuclei, no drop in the number of detected 97 In nuclei is observed. The half-life of 97 In should therefore be considerably longer than the time of flight through the fragment separator. The lower limit of the half-life is estimated under the assumption that the number of 97 In events is at least 2σ lower than the observed number of counts. Thus, the estimated lower limit of the half-life of 97 In is 3 μs, which is compatible with a half-life of 26 þ47 −10 ms deduced from a single event in the GSI experiment [31] and mixed Fermi plus Gamow-Teller mirror transition [32] .
Combining the results obtained by Suzuki et al. [29] , and HFB27 [30] . Deduced S p for 93 Ag and its upper limit for 89 Rh are indicated. Insets show T 1=2 as a function of S p for different angular momenta of emitted proton (from l ¼ 0 to l ¼ 5) for 93 Ag and 89 Rh. The angular momentum of emitted proton is assumed to be l ¼ 4 (g 9=2 proton). The dashed area corresponds to possible halflives and separation energies for 89 Rh. Plroton separation energies S p of nuclei around 100 Sn estimated by different mass models for Ag and Rh are presented in Figs. 3(a) and 3(b) , respectively. All mass models predict that the nuclei 97;96 In, 93;92 Ag, and 89 Rh identified in this experiment should be unbound. At the same time all mass models, as well as a detailed analysis of the landscape of two-proton radioactivity by Olsen et al. [33] , suggest that the newly identified ( 93 Ag and 89 Rh) and assumed ( 97 In) proton emitters are stable against twoproton and alpha emission in the ground state.
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The observation of the proton emitters 93 Ag and 89 Rh together with the mass model predictions clearly indicate that the proton drip line was crossed experimentally for Z ¼ 47 and 45.
The production and study of drip-line nuclei using projectile fragmentation require reliable predictions for the corresponding cross sections and a simulation of fragment separators. In order to deduce the production cross sections from the measured isotopic yields, it is necessary to determine the transmission efficiency to the final focal plane. The transmission was calculated using the Monte Carlo method available in the LISE++ code [24] . The production cross sections, presented in Table I , are deduced for nuclei with transmission larger than 5%. A systematic uncertainty, estimated to be ∼50%, originates from the determination of the beam intensity and transmission. The cross sections were not corrected for possible proton emitters except for the half-life of 93 Ag, which we were able to deduce. The effect of the secondary reactions in the target was taken into account in order to deduce the production cross section. This effect was estimated using the empirical and energy invariant cross section formula EPAX3.01 [34] incorporated in the LISE++ code [24] . It was found that secondary reactions in the 4 mm Be target increase the production yields in the range between 11% and 35% for the nuclei indicated in Table I. In Fig. 4 , the production cross sections deduced from the present work are compared with the empirical cross section formulas EPAX2.15 [36] and EPAX3.01 [34] , as well as previous measurements. These include a 1-day experiment to optimize the BigRIPS separator for the production and selection of 100 Sn (labeled TEST) [37] , an experiment performed at GSI in which the fragments from reactions of a 1A GeV 124 Xe beam on a 4 g cm −2 Be target [8, 38] were separated using the FRS separator (labeled "Straub"), and the already mentioned experiment performed in RIKEN by Suzuki et al. [13] .
One can notice a reasonable overall matching between the calculated and measured cross sections. A very good agreement is observed between the cross sections measured in the three different RIKEN experiments performed with the same beam-target combinations. In particular, the measured 100 Sn cross section of ð7.5 AE 0.5 AE 3.8 syst Þ × 10 −10 mb is in agreement within uncertainties with the value of ð7.4 AE 1.7 AE 3.7 syst Þ × 10 −10 mb measured by Suzuki et al. [13] . The other interesting feature is the systematically larger cross sections observed in the GSI experiment [8, 38] as compared to the RIKEN ones, suggesting a possible energy and/or target thickness dependence on the observed final yields.
Such a dependence can originate from the additional production yields via secondary reactions in the much thicker target used at GSI energies. The measured 100 Sn production cross sections and production cross sections FIG. 4. Measured production cross sections from this work compared with experiments performed at the same energy, the TEST experiment [37] , and Suzuki et al. [13] , and at a higher beam energy [8, 38] . The predictions of the empirical cross section formulas EPAX2.15 [36] corrected for the effect of secondary reactions for different experiments are presented in Table II . The total probability to produce the fragment of interest taking into account primary and secondary reactions is increasing with target thickness. For a 4 g cm −2 (21.6 mm) thick Be target and according to the EPAX3.01 parametrization, the gain is a factor 2.07. Correcting the GSI result for 100 Sn [8] by this factor to obtain a "secondary reaction independent" cross section leads to a value of ð2.8 AE 1.0Þ × 10 −9 mb, which is in much better agreement with the cross sections measured at RIKEN.
We applied the same correction to data from the fragmentation of a 345A MeV 124 Xe beam on a 8 mm Be target [37] . In this case, because of the lower target thickness, the correction factor is smaller and the adjusted production cross section for 100 Sn is reduced by ∼35% to ð11.1 AE 4.4 AE 5.5 syst Þ × 10 −10 mb. Again, this value is in better agreement with the cross sections measured using different target thicknesses.
In Rh are new proton emitters in the submicrosecond range. The corresponding one-proton separation energies were estimated using a simple model of proton emission. The data analysis also allowed us to estimate a lower limit of the half-life of 97 In. Systematics of the halflives of N ¼ Z − 1 nuclei in the vicinity of 100 Sn clearly show the stabilizing effect of the Z ¼ 50 shell closure. The measured production cross sections, corrected for the contributions of secondary reactions, are in fair agreement for different experiments, but still a clarifying experiment is required to further resolve the alleged discrepancy between cross sections measured for 100 Sn in experiments with different target thicknesses and energies. Estimated from cross sections given in Ref. [13] .
